Thermal decomposition behaviors of a series of imidazolium-type ionic liquid samples were studied by pyrolysis-gas chromatography at 550˚C using various detectors. As for the imidazolium halides, haloalkanes and 1-alkylimidazoles corresponding to the alkyl substituents were mainly formed through the nucleophilic attacks of halide ions to the alkyl groups followed by C-N bond cleavage, along with a minor amount of alkenes. Meanwhile, in the case of the ionic liquids with BF4, PF6 and CF3SO3 anions, corresponding alkenes were predominantly produced along with 1-alkylimidazoles rather than haloalkanes. No boron-containing products were found even from the samples with BF4 anion, whereas minor but clear peaks of phosphorous-containing products were observed in the pyrograms of the samples with PF6 anions. As for the samples with longer alkyl group, the pyrolyzates reflecting the C-C bond scissions in the alkyl groups were also formed to some extent. Meanwhile, imidazole rings did not decompose under the experimental conditions at around 550˚C.
Introduction
Room temperature ionic liquids have recently been utilized as unique liquids having quite different characteristics from ordinary molecular liquids. 1 In the field of analytical chemistry, ionic liquids are used as solvents for extraction and spectroscopic measurements, chromatographic stationary phases, matrix reagents for soft laser desorption/ionization mass spectrometry (MS), and electrolytes for electrochemical analysis and electrophoresis. [2] [3] [4] [5] [6] Due to not only their inherent ionic nature but also their high thermal stability and low volatility, the ionic liquids also have a potential as a specific media for sample preparation, especially for the thermal decomposition of polymeric materials and natural organic products. For this application, it is important to know the thermal decomposition behaviors of the ionic liquids themselves at elevated temperature.
As for imidazolium salts, which are among the typical ionic liquids, so far their thermal decomposition behaviors have been reported in several papers. In an early work, thermolysis of various imidazolium salts was studied; haloalkanes and 1-alkylimidazoles were typically cleaved from the imidazolium halides by the nucleophilic reactions between halide anions and alkyl groups. 7 Recently, thermal decomposition of a variety of imidazolium salts was studied by thermogravimetry (TG) to clarify the effects of the type of anion and of alkyl substitution. 8 Furthermore, thermal degradation studies of various alkylimidazolium salts by TG and thermal desorption MS demonstrated that the imidazolium salts with PF6, N(SO2CF3)2 and BF4 anions were thermally more stable than those with the halide ones. 9 On the other hand, thermal degradation of 1-ethyl-3-methylimidazolium (EMIm) salts with bromide, bis(trifluoromethanesulfonyl) amide (TFSA) and bis(methylsulfonyl)amide was compared by TG and pyrolysis-MS measurements. Based on the yields of 1-methyl-and 1-ethylimidazoles, it was concluded that the less nucleophilic nature of TFSA led to much smaller yields of 1-ethylimidazole. 10 More recently, rapid thermolysis up to at 435˚C of EMIm salts with nitride, chloride and bromide anions was studied by FT-IR and time-of-flight MS measurements of the evolved species. 11 As for EMIm halides, the main products were haloalkanes and 1-methyl-and 1-ethylimidazoles. The fact that 1-ethylimidazole formed more abundantly than 1-methylimidazole indicated that proton transfer and subsequent secondary thermolysis reactions primarily proceeded at the methyl group. The imidazole ring appeared to remain intact.
Despite the research works mentioned above, the understandings of the thermal decomposition pathways and the resultant products for the imidazolium salts are still unsatisfactory, particularly for the most typical imidazolium ionic liquids such as those with BF4 and PF6 anions. In this work, various kinds of imidazolium ionic liquids were systematically subjected to pyrolysis-gas chromatographic (Py-GC) measurements using a variety of detectors, in order to clarify the thermal decomposition mechanism of the imidazolium ionic liquids in detail. Table 1 summarizes the typical imidazolium type ionic liquids and the related materials used in this work as samples. These are the organic salts consisting of 1-alkyl-3-methylimidazolium cations, in which the alkyl group is either ethyl, butyl or hexyl, and typical anions such as chloride, bromide, tetrafluoroborate, hexafluorophosphate or trifluoromethanesulfonate. The samples were selected to investigate the decomposition mechanism systematically, although some of these compounds are not liquid at the ambient temperature.
Experimental

Materials
Among these, 1-ethyl-3-methylimidazolium chloride (EMImCl), 1-hexyl-3-methylimidazolium chloride (HMImCl), 1-butyl-3-methylimidazolium hexafluorophosphate (BMImPF6) and 1-butyl-3-methylimidazolium trifluoromethanesulfonate (BMImCF3SO3) were purchased from Tokyo Chemical Industry (Tokyo, Japan).
1-Ethyl-3-methylimidazolium bromide (EMImBr) and 1-ethyl-3-methylimidazolium tetrafluoroborate (EMImBF4) were supplied by Aldrich (Milwaukee, WI) and 1-butyl-3-methylimidazolium chloride (BMImCl), 1-butyl-3-methylimidazolium tetrafluoroborate (BMImBF4), and 1-hexyl-3-methylimidazolium hexafluorophosphate (HMImPF6) were purchased from Fluka Chemie GmBH (Buchs, Switzerland). All the samples were used as received.
Py-GC measuring conditions
The instruments for Py-GC measurements are basically the same as those described in our previous papers. 12 A vertical microfurnace-type pyrolyzer (Frontier Laboratory PY2020iD) was directly attached to the injection port of a gas chromatograph (GC). Three GC systems were used in this work; a Hitachi G-6000 equipped with a flame ionization detector (FID) and a non-radioactive type electron capture detector (Nr-ECD), an Agilent 6890 with an FID and a nitrogen phosphorous detector (NPD), and a JEOL Automass Series II GC-mass spectrometer (MS). Nr-ECD was used for selective detection of halogen-containing products, whereas NPD was used for nitrogen and phosphorous-containing compounds. The GC-MS system was utilized for identification of the products in electron ionization mode at 70 eV. The mass scan range was usually set between m/z 33 and 300, but it was set between m/z 10 and 300 to detect the smaller compound such as ethylene and hydrogen fluoride.
About 100 mg of the ionic liquid sample was placed in a platinum sample cup and then introduced into the heated center of the pyrolyzer at 550˚C, at which the ionic liquid samples were completely decomposed by preliminary thermogravimetric measurements. The Py/GC interface and the injection port of GC were heated at 320˚C to prevent the condensation of the pyrolysis products.
As for the separation of the products, two kinds of capillary columns were used. One was a fused silica capillary column (J & W DB-1, 30 m ¥ 0.32 mm i.d., coated with 5 mm film of cross-linked polydimethylsiloxane), which was suitable mainly for the separation of lower-boiling point products. However, the thicker stationary phase was easily damaged by hydrogen fluoride (HF) formed from fluorine-containing samples, and severe baseline drift was caused which prevented the appropriate detection of relatively higher-boiling point imidazole products. In such a case, a second metal capillary column (Frontier Laboratory Ultra ALLOY PY-2, 30 m ¥ 0.25 mm i.d., coated with a 1.0 mm film of cross-linked polydimethylsiloxane) was used with an alkaline trap (Diasolid H GC support coated with 1.5 wt% potassium hydroxide) packed ca. 2 cm long in the glass insert in the injection port to prevent the migration of HF into the separation column. Since the packing also adsorbed some of the lower-boiling point products, this technique was selected only for the observation of imidazole products. A flow rate of 50 ml/min helium carrier gas was used to rapidly sweep the pyrolysis products from the pyrolyzer to the separation column. In both cases, the carrier gas flow was then reduced to 1.0 ml/min at the inlet of the capillary column by means of a splitter. The temperature for the former column was initially set at 40˚C for 5 min to separate low boiling-point pyrolyzates, and then elevated up to 250˚C at a rate of 5˚C/min, while that for the latter column was programmed from 50 to 250˚C at a rate of 5˚C/min. In some cases for Py-GC/MS measurements, the initial column temperature was set at -40˚C for 5 min using liquid CO2 cooling device to separate precisely the lower boiling-point products, and then programmed to 250˚C at a rate of 5˚C/min. Figure 1 shows a pyrogram of EMImBr at 550˚C obtained by FID and the thicker stationary phase fused silica capillary without using alkaline trap. Here 5 main peaks observed were identified from their mass spectra to be ethylene (1), bromomethane (2), bromoethane (3), 1-methylimidazole (a) and 1-ethylimidazole (b). The bromine-containing products and imidazoles were also confirmed by the measurements using Nr-ECD and NPD, respectively. There were no products reflecting the decomposition of the imidazole rings in the pyrogram. 11 Figure 2 illustrates the thermal degradation pathways of EMImBr estimated based on the observed pyrogram. The bromide anion nucleophilically attacks the ethyl group to form bromoethane (3) and 1-methylimidazole (a). The C-N bond cleavage at the ethyl group (I) also leads to the formation of ethylene (1) and 1-methylimidazole (a), probably accompanied with that of HBr which was not observed in the pyrogram. The fact that peak 3 was larger than peak 1 suggests that the former reaction took place preferentially. Similarly, bromomethane and 1-ethylimidazole are produced through the C-N bond cleavage at the methyl group. In addition, the observation that the peak of 1-ethylimidazole (b) was larger than peak a indicates that bromide anion might preferentially attacks a methyl group rather than an ethyl group. These observations are basically the same as those in the previous reports. 7, 10, 11 Figures 3 and 4 show the pyrogram of BMImCl at 550˚C by FID and its thermal decomposition pathways, respectively. Five main peaks were also observed in the pyrograms and identified to be chloromethane (4), 1-butene (5), 1-chlorobutane (6), 1-methylimidazole (a) and 1-butylimidazole (c). This pyrogram exhibits that BMImCl also decomposes through a C-N bond cleavage at an alkyl group by the nucleophilic attack of chloride ion as shown in Fig. 4 . In this case, since peak 5 (1-butene) was much smaller than the other four main peaks, BMImCl mostly decomposed into chloroalkane and 1-alkylimidazole rather than into alkene. Furthermore, the fact that the peak of 1-butylimidazole (c) was remarkably higher than that of 1-methylimidazole (a) indicates that Cl -predominantly attacked the methyl group, even considering that the molar FID response of c should be about twice as large as that of a, probably due to a steric hindrance effect.
Results and Discussion
1-Alkyl-3-methylimidazolium halide
The thermal decomposition behaviors of EMImCl and HMImCl were basically the same as those of EMImBr and BMImCl. Five main peaks; chloromethane, alkene (ethylene or 1-hexene), chloroalkane (chloroethane or chlorohexane), 1-methylimidazole and 1-alkylimidazole (1-ethylimidazole or 1-hexylimidazole), were observed in the pyrograms. These pyrolyzates should also be formed through nucleophilic attacks of chloride ions to alkyl (mainly methyl) groups to cleave the C-N bond. Figure 5 shows the pyrograms of BMImBF4 at 550˚C detected by FID for (a) lower boiling point products observed by thick film fused silica capillary column without using alkaline trap and (b) for higher boiling point imidazoles obtained using a thinner film metal capillary with an alkaline trap. For the ionic liquid samples with fluorine containing anions such as BF4 and PF6, the peaks in the latter region could not easily be observed because of severe bleeding of the stationary phase caused by HF. The formation of HF was confirmed by GC-MS trace and Nr-ECD detection. On using an alkaline trap, 1-methylimidazole (a) and 1-butylimidazole (c) reflecting BMIm cation were observed, as shown in Fig. 5(b) . On the other hand, despite the same 1-butyl-3-methylimidazolium cation, the lower-boiling point region for BMImBF4 consisted of larger numbers of peaks than that for BMImCl. It was confirmed from the observed mass spectra that peak 1 contained both ethylene (1) and fluoromethane (7) . In addition, propylene (8), 1-butene (5), trans-and cis-2-butene (5¢ and 5≤), 2-fluoropropane (9) and 1-fluorobutane were assigned from the observed mass spectra as the pyrolyzates. Figure 6 shows the thermal decomposition pathways of BMImBF4 into the assigned products. It is interesting to note that the peak intensities of alkenes were significantly larger than those of fluoroalkanes contrary to the imidazolium halides. This fact suggests that the decomposition of BMImBF4 proceeds mainly through simple thermal cleavage of C-N bond rather than the through nucleophilic attack of fluoride. Furthermore, the peak intensities of a and c were comparable although the FID response was much higher for c. This result reveals that the C-N bond cleavages preferentially occurred at the butyl side.
1-Alkyl-3-methylimidazolium tetrafluoroborate
The formations not only of 1-butene but also of 2-butene indicated that the rearrangement reactions also occured to some extent during the thermal decomposition of BMImBF4. The formation of the products with shorter alkyl (alkenyl) chains than butyl group such as 1, 8 and 9 demonstrated the C-C bonds in the butyl group partly cleaved. Here it is interesting that peak 9 was clearly identified from the mass spectrum library not as 1-fluoropropane but as 2-fluoropropane. This phenomenon might be related to the fact that isopropyl carbonium ion is more stable than the propyl one.
EMImBF4 thermally decomposed in a similar manner; ethylene, fluoromethane, fluoroethane, 1-methylimidazole and 1-ethylimidazole were chiefly observed in the pyrogram. Meanwhile, there existed no peaks of the bromine containing products originated from BF4 anion in the pyrogram of either BMImBF4 or EMImBF4. Figure 7 shows the pyrograms of BMImCF3SO3 at 550˚C detected by FID for (a) lower boiling point products observed by the thick film fused silica capillary column without using any alkaline trap and (b) for higher boiling point imidazoles obtained using a thinner film metal capillary with an alkaline trap. The pyrogram in the lower boiling-point region (a) was much simpler than that of BMImBF4. Only the peaks of butene, formed through C-N bond cleavage at the butyl group, were observed, while no products originating from the anion appeared in the pyrogram.
1-Butyl-3-methylimidazolium trifluoromethanesulfonate
However, additional products were observed in the pyrogram by the other detection systems. Figure 8 shows the GC-MS (total ion current; TIC) trace of the pyrolyzates of BMImCF3SO3. In this case, at least two additional peaks were clearly observed besides those of butane (5, 5¢ and 5≤). These were identified as trifluoromethane (11) and sulfur dioxide (12) from the observed mass spectra; these compounds might not be detected by FID. The formation of the former product (11) was also supported by the fact that several peaks were observed in the lower boiling-point region of the pyrogram of BMImCF3SO3 detected by Nr-ECD. However, few haloalkanes were produced unlike the other ionic liquid samples. This fact might be attributed to the rigid C-F bond in the trifluoromethanesulfonate. Figure 9 illustrates the thermal decomposition pathways of BMImCF3SO3 based on the observed pyrograms. Figure 10 shows the pyrogram of BMImPF6 at 550˚C detected by FID for (a) lower boiling point products observed by the thick film fused silica capillary column without using any alkaline trap and (b) for higher boiling point imidazoles obtained using a thinner film metal capillary with an alkaline trap. These pyrograms were quite similar to those of BMImBF4 (Fig. 5) , consisting of ethylene (1), fluoromethane (7), propylene (8), butene (5, 5¢ and 5≤), 2-fluoropropane (8), 1-fluorobutane, 1-methylimidazole (a) and 1-butylimidazole (c). Furthermore, a few peaks were observed in the low-boiling point region in the pyrogram detected by NPD for this sample; these might be phosphorous-containing products derived from PF6 anion. In fact the observed mass spectrum of a part of peak 1 was assigned to PF3. Peak 14 might be also assigned to a phosphorous-containing product although it was not identified Fig. 7 Pyrogram of 1-butyl-3-methylimidazolium trifluoromethanesulfonate at 550˚C detected by FID. GC conditions of (a) and (b) are the same as Fig. 5(a) and (b) , respectively. 5, 1-Butene; 5¢ and 5≤, trans-and cis-2-butene; a, 1-methylimidazole; c, 1-butylimidazole. from its mass spectrum. On the other hand, in addition to 1-methyl-and 1-butylimidazoles, 1-ethylimidazole was also observed in the pyrogram (Fig. 10(b) ), which might be formed through the C-C bond cleavage in the butyl group. Figure 11 shows the estimated thermal decomposition pathways of BMImPF6. Similarly to BMImBF4, the pyrolyzates were mainly formed through C-N bond cleavages at both methyl (I) and butyl (II) groups. The butyl group further decomposed partly into smaller compounds such as ethylene (1), propylene (8), 2-fluoropropane or 1-ethylimidazole (b). Moreover, small amounts of phosphorous-containing products such as PF3 (13) from PF6 anion were also formed, contrary to BF4 anion for which no boron-containing pyrolyzate was observed in the pyrogram.
1-Alkyl-3-methylimidazolium hexafluorophosphate
HMImPF6 with a longer alkyl group was decomposed in basically the same manner as BMImPF6. The pyrolyzates formed through the C-N bond scission, such as hexene, 1-fluorohexane, fluoromethane, 1-methylimidazole and 1-hexylimidazole, were mainly observed in the pyrogram along with the products reflecting the C-C bond cleavage in hexyl group, such as ethylene, propylene, 1-butene, 1-pentene, 1-ethylimidazole, 1-propylimidazole and 1-butylimidazole, and PF3 that originated from the PF6 anion.
Conclusions
Various kinds of 1-alkyl-3-methylimidazolium type ionic liquids were measured by Py-GC at 550˚C, and the following thermal decomposition behaviors were observed:
1. The thermal decomposition mainly proceeds through C-N bond cleavage. 2. As for the imidazolium halides, corresponding haloalkanes and 1-alkylimidazoles were predominantly formed through nucleophilic attacks of halide anions to the alkyl groups, which could preferably occur at methyl groups probably due to a steric hindrance effect.
3. In the case of BF4 anion, corresponding alkenes were mainly observed together with lesser amounts of haloalkanes, as well as 1-alkylimidazoles. These products might be formed through the simple C-N bond cleavages which could be preferably take place at the longer alkyl side. No boroncontaining product was observed in the pyrogram.
4. From BMImCF3SO3, butene, 1-methyl-and 1-butylimidazole were mainly formed while few haloalkanes were formed. This fact might be attributed to the strong C-F bond in the anion. Furthermore, the formation of CF3H and SO2 from the anion was confirmed by MS detection.
5. As for the ionic liquids with PF6 anion, the observed pyrogram was almost identical to that of the corresponding ionic liquid with BF4 anion. However, in the case of PF6 anion, although they were minor components, phosphorous-containing compounds were clearly observed in the pyrogram.
6. As for the ionic liquid sample with a longer alkyl group (butyl and hexyl), C-C bond cleavages in the alkyl chains also occurred to some extent.
7. The imodazole ring decomposed very little at around 500˚C. Fig. 9 Thermal decomposition pathways of 1-butyl-3-methylimidazolium trifluoromethanesulfonate. Fig. 10 Pyrogram of 1-butyl-3-methylimidazolium hexafluorophosphate at 550˚C detected by FID. GC conditions of (a) and (b) are the same as Fig. 5(a) and (b) , respectively. 1 -10 and a -c, the same as those in Figs. 1 -9 ; 13, phosphorous trifluoride; 14, unknown. 
